Introduction
Every year Streptococcus pneumoniae, or pneumococcus, causes an estimated 826 000 deaths worldwide in children under 5 years of age. 1 In 2000, a seven-valent pneumococcal conjugate vaccine (PCV7) was introduced in the United States of America. The result was a dramatic, sustained reduction in invasive pneumococcal disease (IPD) in young children. 2, 3 Moreover, a very similar nine-valent pneumococcal conjugate vaccine (PCV9) that contains the seven S. pneumoniae serotypes in PCV7 (i.e. serotypes 4, 6B, 9V, 14, 18C, 19F and 23F) plus serotypes 1 and 5 has been shown to be efficacious in developing countries 4, 5 and the World Health Organization (WHO) has recommended that all countries introduce pneumococcal conjugate vaccines into their routine childhood immunization programmes. 6 As with other new vaccines, measuring the effect of pneumococcal conjugate vaccines helps policy-makers determine whether the benefits of their introduction and sustained use outweigh their costs. 7 Trends in the occurrence of a vaccine-preventable disease after a vaccine is introduced can be assessed by either population-based or sentinel surveillance. Population-based surveillance involves identifying all new cases of the disease under surveillance in a defined population. The data obtained can be used to calculate the disease incidence rate since the size of the population under surveillance is known. In contrast, sentinel surveillance involves monitoring a disease at a single facility or a small number of facilities. Generally, incidence rates cannot be derived from sentinel surveillance data since the population covered is rarely known and the data obtained may not be representative of the catchment area. However, sentinel surveillance usually requires fewer resources than population-based surveillance. 8 The feasibility of sentinel surveillance has led WHO to recommend that countries adopt the approach for monitoring the effect of newly introduced vaccines, including pneumococcal conjugate vaccines. 9 Sentinel surveillance systems have, nonetheless, several limitations and it is not clear whether even well-functioning systems can provide the data required for evaluating the effect of a new vaccine. However, studies have shown that sentinel systems involving hospitals in the United States can provide a reasonably accurate assessment of trends in antibiotic resistance 10 and that sentinel surveillance in antenatal clinics in developing countries can be used to assess the prevalence of human immunodeficiency virus infection. 11 In this study, we used data from the Active Bacterial Core surveillance system in the United States to determine whether a sentinel surveillance system involving either individual hospitals or groups of hospitals can provide estimates similar to those based on data from a population-based surveillance system when used to quantify the effect of introducing PCV7 on the occurrence of laboratory-confirmed IPD requiring hospitalization among children aged under 5 years.
Methods
The Active Bacterial Core surveillance system in the United States performs active, population-based surveillance for IPD, which is defined as being present when pneumococcus is isolated from normally sterile body fluid or tissue, such as blood, cerebrospinal fluid or pleural fluid, in an individual who is resident in a surveillance area on the date of culture. 3, 12 Objective To compare sentinel and population-based surveillance of the effect of seven-valent pneumococcal conjugate vaccine (PCV7), introduced in 2000, on the hospitalization of children aged under 5 years with invasive pneumococcal disease (IPD) in the United States of America. Methods Population surveillance data were used to identify children hospitalized between 1998 and 2006 with IPD caused by Streptococcus pneumoniae serotypes. The change from 1998 and 1999 (baseline) to 2006 in the number of hospitalized IPD cases recorded by sentinel surveillance systems involving single hospitals or groups of hospitals was compared with the change in the incidence of hospitalized IPD cases measured by population-based surveillance. Findings The change in incidence in the eight surveillance areas varied from −37 to −82% for IPD caused by any serotype and from −96 to −100% for IPD caused by serotypes contained in PCV7. All individual sentinel hospitals with more than three cases annually at baseline reported a decrease in cases by 2006. In addition, over 95% of sentinel systems with an average of more than 30 cases annually at baseline recorded a change by 2006 in the number of cases caused by any serotype that fell within the 95% confidence interval for the change in the incidence of hospitalized cases in the corresponding population surveillance area. The change in cases caused by PCV7 serotypes was accurately measured by 93% and 100% of sentinel systems with ≤ 20 and > 20 cases annually at baseline, respectively. Conclusion Sentinel surveillance can accurately measure the effect of PCV7 on the number of children hospitalized with IPD, provided sufficient cases are detected at baseline. Serotyping increases accuracy.
We obtained data from this surveillance system on all hospitalized IPD cases identified in children aged under 5 years between 1 January 1998 and 31 December 2006. We adopted 2006 as the endpoint of the study because that year recorded the lowest incidence of IPD to date in the age group. 3 Throughout the study period, the Active Bacterial Core surveillance system monitored IPD in all eight counties in the state of Connecticut and in 49 counties overall in the states of California, Georgia, Maryland, Minnesota, New York, Oregon and Tennessee. 12 The total population aged under 5 years that was under surveillance averaged 1 140 372 during 1998 and 1999 and was 1 261 188 in 2006 (Table 1) . In the study, data were analysed for eight surveillance areas, which corresponded to areas monitored in the eight states. Demographic and clinical information on individual cases of IPD were obtained from medical records. A patient was regarded as having meningitis when S. pneumoniae was isolated from cerebrospinal fluid, irrespective of the clinical diagnosis, or when a clinical diagnosis of meningitis was accompanied by the isolation of S. pneumoniae from blood.
We calculated the observed, or crude, annual incidence of IPD requiring hospitalization in children aged under 5 years for each of the eight surveillance areas using the total number of cases identified in that age group by the Active Bacterial Core surveillance system in a given year and the area's population of under 5-year-olds as reported in National Center for Health Statistics bridged-race population estimates, which are based on United States census data. 13 We calculated the percentage change in the annual incidence of hospitalized IPD cases in children aged under 5 years using the formula: (RR − 1) × 100%, where RR was defined as the incidence in the most recent time period divided by the incidence at baseline. We determined 95% confidence intervals (CIs) for the percentage change using standard interval calculations in SAS version 9.2 (SAS Institute Inc., Cary, USA). With sentinel surveillance, the effect of the vaccine was quantified by estimating the percentage change between baseline and 2006 in the number of hospitalized IPD cases treated at an individual hospital or group of hospitals participating in the Active Bacterial Core surveillance system. With population-based surveillance, the effect was quantified by estimating the percentage change between the two time periods in the incidence of hospitalized IPD cases in the surveillance area covered by the Active Bacterial Core surveillance system. Subsequently, the effect of the vaccine as assessed by sentinel surveillance was compared with its effect as assessed by population-based surveillance in the area in which sentinel surveillance was carried out. For example, the change in the IPD case count at an individual hospital in Connecticut was compared with the change in the incidence of hospitalized IPD cases for the entire state of Connecticut, as all eight counties in the state were covered by the Active Bacterial Core surveillance system. Since changes in referral patterns within individual surveillance areas could have had a confounding effect on the assessment of the change in hospitalized IPD cases in individual hospitals, all cases that were transferred from one hospital to another were excluded from calculations of the effect of the vaccine made using data from sentinel surveillance. Applying a method similar to that used by Montana et al., 11 we judged that sentinel surveillance was in agreement with population-based surveillance in assessing the effect of the vaccine on hospitalized IPD cases in children aged under 5 years when the magnitude of the change in the number of hospitalized IPD cases determined by sentinel surveillance fell within the 95% CI of the magnitude of the change in the incidence of hospitalized IPD cases in the corresponding surveillance area.
We also examined whether particular characteristics of the individual hospital or group of hospitals involved in sentinel surveillance were associated with a greater likelihood that the sentinel surveillance system's assessment of the magnitude of the effect of PCV7 would agree with the population-based determination for the corresponding surveillance area. Every possible combination of hospitals in a given surveillance area in which each hospital had at least five hospitalized IPD cases in children aged under 5 years in 1998 and 1999 combined was examined in the analysis of groups of sentinel hospitals. Specifically, we determined whether the number of prevaccine cases in 1998 and 1999 or the proportion of cases in the surveillance area in 1998 and 1999 that was dealt with by a given sentinel system predicted which sentinel systems would produce an assessment of the effect of PCV7 that was in agreement with that obtained in the corresponding surveillance area. We used the Cochran-Armitage trend test to determine whether either of these two characteristics of the sentinel system or the increase in the amount of time since the introduction of PCV7 from 2 to 4 to 6 years was associated with a greater likelihood that a sentinel system would produce an assessment in agreement with that of its surveillance area. Active Bacterial Core surveillance case reporting and isolate collection were considered to be public health surveillance activities that were exempt from institutional review by the Centers for Disease Control and Prevention in the United States. In addition, the surveillance protocol was evaluated at each participating surveillance site and either it was decided that the protocol was exempt from review or approval was obtained from the appropriate local institutional review board. Neither the Centers for Disease Control and Prevention nor institutional review boards at individual sites required informed consent.
Results
The number of hospitals in each surveillance area that reported at least one hospitalized IPD case in a child aged under 5 years in either 1998 or 1999 varied from 4 to 18 (Table 1 ) and the average number of cases in 1998 and 1999 combined for each of these hospitals ranged from 1 to 28 (median: 2). The proportion of all hospitalized IPD cases in a given surveillance area in 1998 and 1999 that was treated at a single hospital ranged from 0.01% to 58%. The average baseline population of children aged under 5 years in the surveillance areas during 1998 and 1999 ranged from 34 370 to 288 607 and the change in population from 1998 and 1999 to 2006 ranged from −19% to 34%.
We identified 1667 hospitalized IPD cases among children aged under 5 years between 1998 and 2006: 685 (41%) were cases of bacteraemia of unknown source, 558 (33%) involved invasive pneumonia, 218 (13%) involved meningitis and 206 (12%) involved infections at other locations. The annual number of hospitalized IPD cases caused by any S. pneumoniae serotype in all eight surveillance areas combined declined from an average of 360 in 1998 and 1999 to 148 in 2006, which corresponds to a decrease in incidence of 63% (95% CI: 55-69), from 31.4 to 11.7 cases per 100 000 children aged under 5 years ( Table 2 ). The decrease in hospitalized IPD cases caused by any serotype in individual surveillance areas varied from 37 to 82%. Moreover, the decline in the incidence of hospitalized IPD cases caused by a serotype included in PCV7 in all surveillance areas combined was 99% (95% CI: 97-100), with the decline in individual surveillance areas varying from 96 to 100%. In contrast, the incidence of hospitalized IPD cases caused by a serotype not included in PCV7 increased by 93% (95% CI: 53-144) in all surveillance areas combined, with individual surveillance areas showing an increase ranging from 17 to 342%.
All invasive pneumococcal disease
Of the 98 individual hospitals that reported at least one hospitalized IPD case among children aged under 5 years in either 1998 or 1999, 93 (95%) recorded a decrease in the number of cases by 2006 (data not shown). In particular, all 26 hospitals with an annual average of more than three cases in 1998 and 1999 saw a decrease. However, the magnitude of the decrease observed at individual hospitals agreed with the magnitude of the decrease observed in the corresponding surveillance area for only 21% of hospitals (Table 3) . Twelve of the 16 (75%) hospitals with more than five IPD cases a year during 1998 and 1999 and twelve of the 19 (63%) hospitals that treated more than 10% of their surveillance area's cases in that period recorded a decrease that agreed in magnitude with that in the corresponding surveillance area. In contrast, only 11% of the hospitals with five or fewer IPD cases a year at baseline and 11% that treated 10% or less of their surveillance area's cases recorded a decrease in agreement with that in the corresponding surveillance area (Table 3) . Fig. 1 illustrates the relationship between the number of children aged under 5 years hospitalized with IPD due to all serotypes in either 1998 or 1999 that was covered by a sentinel surveillance system in Tennessee and the likelihood that the magnitude of the decrease in cases recorded by the sentinel system by 2006 would agree with the magnitude of the decrease in the corresponding surveillance area, which here included five counties in Tennessee. Each sentinel system comprised either a single hospital with at least one hospitalized IPD case in either 1998 or 1999 or a group of hospitals, each of which had at least five cases during 1998 and 1999 combined. Overall, in all surveillance areas, more than 95% of sentinel systems that treated either more than 30 cases per year during 1998 and 1999 or more than 50% of cases in the corresponding surveillance area during that period recorded a decrease in all hospitalized IPD cases by 2006 that agreed with the decrease recorded in the corresponding surveillance area (Table 4) .
Consequently, it appears that the likelihood that the magnitude of the decrease in all hospitalized IPD cases recorded by a given sentinel surveillance system agreed with that recorded in the corresponding surveillance area increased as the number of cases at baseline increased, whether determined by the total number of cases treated during 1998 and 1999 or by the percentage of cases in the surveillance area treated during that period.
It was also found that the likelihood of agreement between a sentinel surveillance system and its surveillance area in determining the decrease in IPD cases increased as the length of time from the introduction of PCV7 increased from 2 to 4 to 6 years (P < 0.001 for all comparisons, Cochran-Armitage test for trend; data not shown).
Invasive pneumococcal disease by serotype
When the effect of PCV7 on only hospitalized IPD cases in children aged under 5 years that were caused by S. pneumoniae serotypes included in PCV7 was considered, it was found that 97% of all sentinel surveillance systems produced an estimate of the decrease in cases from 1998 and 1999 to 2006 that agreed with the decrease determined for the corresponding surveillance area: the proportion in agreement rose from 93% of sentinel systems with an annual average of 20 or fewer cases caused by all serotypes at baseline to 100% of sentinel systems with an annual average of more than 20 baseline cases (Table 4) . Similarly, the proportion in agreement rose from 91% of sentinel systems that treated 30% or less of their surveillance area's baseline cases caused by all serotypes to 100% of those that treated more than 30% of baseline cases.
In contrast, when the effect of PCV7 on only hospitalized IPD cases caused by serotypes that were not included in PCV7 was considered, only 70% of sentinel systems produced an estimate of the change in cases from 1998 and 1999 to 2006 that agreed with the change determined for the corresponding surveillance area. Moreover, only sentinel systems that treated an annual average of more than 40 IPD cases caused by all serotypes at baseline or more than 60% of their surveillance area's baseline cases caused by all serotypes produced estimates that consistently agreed with those for the surveillance area ( Table 4) .
The likelihood of agreement between a sentinel surveillance system and its corresponding surveillance area in determining the change in hospitalized IPD cases, whether or not caused by serotypes included in PCV7, increased significantly as the length of time from the introduction of PCV7 increased from 2 to 4 to 6 years (P < 0.001 for all comparisons, Cochran-Armitage test for trend; data not shown).
Discussion
Our study of sentinel hospital surveillance of the effect of PCV7 in the United States indicates that sentinel surveillance can play a useful role in monitoring the effect of pneumococcal conjugate vaccines on IPD. We recommend that sentinel surveillance systems for monitoring the effect of these vaccines should: (i) establish the baseline burden of IPD before the introduction of the vaccine; (ii) ensure that the number of cases recorded at baseline is sufficient 
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for monitoring future trends; (iii) determine which S. pneumoniae serotypes are responsible for individual cases; and (iv) measure the effect of the vaccine for at least 2 years after its introduction. The number of IPD cases that should be recorded by a sentinel surveillance system at baseline depends on the goals of surveillance. In our study, almost all individual hospitals in the Active Bacterial Core surveillance areas correctly showed a decline in the number of children aged under 5 years who were hospitalized with IPD due to any serotype. However, only sentinel systems that included an annual average of more than 30 hospitalized IPD cases caused by any serotype during the 1998 to 1999 baseline period and those that included more than 50% of their surveillance area's cases caused by any serotype during that period reliably measured the magnitude of the decline between baseline and 2006. That a sentinel system needed to have so many baseline cases to ensure that the magnitude of the effect of PCV7 was reliably assessed suggests that many potential sentinel systems may not be able to provide a dependable measure of a vaccine's effect. For example, in its efforts to measure the burden of IPD around the world, the PneumoADIP programme 14 found that, while many sentinel systems with large populations in their catchment areas identified more than 30 hospitalized, laboratory-confirmed cases a year in children aged under 5 years, 7, 15, 16 others identified substantially fewer. 7, [17] [18] [19] [20] However, the alternative approach of establishing sentinel surveillance at hospitals that treat a large proportion of their areas' IPD cases has the disadvantage that, without a population-based surveillance system, it is difficult to estimate the percentage of cases in the population seen at an individual hospital. Pooling several individual hospitals to create a sentinel system with a large enough total number of baseline cases may be more practical.
We found that sentinel systems performed best when measuring the effect of PCV7 on IPD caused by S. pneumoniae serotypes included in the vaccine: overall, 97% of sentinel systems produced results in agreement with those of their surveillance areas. This was largely because almost no patients were hospitalized with IPD caused by vaccine serotypes in any of the surveillance areas by 2006. The observation that it is important to know which S. pneumoniae serotypes are responsible for the IPD cases is consistent with studies that demonstrated the elimination of invasive Haemophilus influenzae type b in the Gambia 21 and substantial reductions in the infection in South Africa, 22 23 In contrast, the serotypes in PCV7, PCV10 and PCV13 account for substantially smaller proportions of IPD. 24 Moreover, serotyping pneumococcal isolates makes it possible to monitor any increase in IPD caused by serotypes not included in the vaccine, which is a potentially important problem. 3, 25 In our study, however, the sentinel systems included in the Active Bacterial Core surveillance system were generally less reliable in assessing the magnitude of the change in disease due to non-PCV7 serotypes than the magnitude of the change due to PCV7 serotypes. Although serotyping pneumococcal isolates is difficult in many settings with limited laboratory facilities, the use of techniques based on the polymerase chain reaction may provide a practical solution. [26] [27] [28] Population-based surveillance systems have shown a decline in IPD within 1 to 2 years of vaccine introduction 2, 29 and sentinel systems may do the same. However, in our study, a sentinel system's reliability in measuring the vaccine's effect on IPD, whether or not caused by serotypes included in PCV7, increased with the passage of time.
Although careful selection of sentinel sites is important, it cannot compensate for fundamental problems in the operation of the surveillance system. A high-quality laboratory is essential for consistently identifying possible cases of the disease of interest, for carrying out accurate confirmatory tests and for recording and communicating case information. Potential problems with staff, supplies, support or funding 30 mean that surveillance systems monitoring the effect of a vaccine, especially laboratory-based systems performing new tests, should be operating reliably before the target vaccine is introduced. In addition, staff must be alert to the possibility that any change in the occurrence of an invasive bacterial disease may result from a change in the size of the population under surveillance or a change in the operating or referral pattern of the local health-care area rather than a change in the amount of disease in the population.
Even when a sentinel system provides high-quality data on a vaccine's effect, the findings should not be overgeneralized. For example, the effect of a vaccine measured by a single hospital that treats more than 30 IPD cases per year should not automatically be used to deduce the vaccine's effect across a country with tens of millions of people.
This study has several limitations that may limit the generalizability of its findings. Other countries may differ from the United States in care-seeking behaviour among the population, clinical practice, laboratory capacity and pneumococcal epidemiology, all of which would affect the ability of sentinel surveillance to reflect accurately population-based surveillance. In addition, staff at the Active Bacterial Core surveillance system actively seeks out cases, so our findings may not apply to systems that collect case reports passively. Also, since the Active Bacterial Core surveillance system's data are based on laboratory testing, they may not be useful for the surveillance of clinical syndromes, such as meningitis. Finally, b Each sentinel system comprised either a single hospital with at least one hospitalized IPD case in either 1998 or 1999 or a group of hospitals, in which each hospital had at least five cases during 1998 and 1999 combined. c A case was a child aged under 5 years who was hospitalized with IPD caused by any Streptococcus pneumoniae serotype. d The change in the number of IPD cases recorded by the sentinel surveillance system was judged to be in agreement with the change observed in the corresponding surveillance area when the magnitude of the change in number recorded by the surveillance system fell within the 95% confidence interval of the magnitude of the change in the incidence of hospitalized IPD cases for the corresponding surveillance area. e The whole surveillance area was the area covered by the Active Bacterial Core surveillance system in the United States in which all the sentinel surveillance systems were located; here the area included five counties in Tennessee. Note: The vertical line indicates the change in the incidence of hospitalized IPD cases recorded in the whole surveillance area.
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although we expect our findings will apply to other pneumococcal conjugate vaccines, our study addressed only the effect of PCV7 and not that of highervalence pneumococcal conjugate vaccines such as PCV10 or PCV13.
In addition to monitoring the effect of a vaccine on IPD, sentinel surveillance can also help identify the serotypes causing disease and can record the clinical and demographic characteristics of individual cases. However, the recent global push towards using pneumococcal conjugate vaccines suggests that measuring the effect of a vaccine is a key reason for carrying out surveillance. Although laboratory-based sentinel systems can be useful for monitoring the direction of the effect of a vaccine on the incidence of invasive bacterial disease, if they are to measure reliably the magnitude of the effect, they will have to either include a large number of cases at baseline before the vaccine's introduction or have the ability to identify the serotype and not just the species of the invasive bacteria. While it is more expensive to create sentinel systems that involve several hospitals or that have a laboratory capable of identifying specific serotypes, it is worthwhile finding the additional resources. ■
Assessing pneumococcal conjugate vaccine effectiveness Lee M Hampton et al. Результаты Изменение частоты в восьми областях наблюдения варьировалось от −37 до −82% для случаев ИПБ, вызванных любым серотипом, и от −96 до −100% для случаев ИПБ, вызванных серотипами, содержащимися в PCV7. Все отдельные дозорные больницы, где в начале исследования фиксировалось более трех случаев в год, сообщили о сокращении количества случаев в 2006 г. Кроме того, более 95% дозорных систем, где в начале исследования фиксировалось более 30 случаев в год, сообщили об изменениях к 2006 г. в числе случаев, вызванных любым серотипом, которые попали в 95% доверительный интервал для изменения частоты случаев госпитализации в соответствующей области, где проводились популяционные исследования. Изменение в количестве случаев, вызванных серотипами PCV7, было точно измерено в 93% и 100% дозорных систем с ≤20 и >20 случаев в год в начале исследования, соответственно. Вывод Дозорный эпиднадзор позволяет точно измерить эффективность влияния PCV7 на число детей, госпитализированных с ИПБ, при условии, что в начале исследования фиксировалось достаточное количество случаев. Точность увеличивается при серотипировании.
Resumen
Efectividad de la vacuna antineumocócica conjugada: comparativa entre un sistema de vigilancia centinela y un sistema de vigilancia poblacional
Objetivo Comparar los resultados de un sistema de vigilancia centinela y un sistema de vigilancia poblacional acerca del efecto de la vacuna antineumocócica conjugada 7-valente (PCV7), presentada en el año 2000, en la hospitalización de niños de edad inferior a 5 años con enfermedad neumocócica invasiva (ENI) en los Estados Unidos de América.
Métodos Los datos del sistema de vigilancia poblacional se emplearon para identificar a los niños hospitalizados con ENI provocada por los serotipos de Streptococcus pneumoniae entre los años 1998 y 2006.
El cambio desde 1998 y 1999 (línea de referencia) hasta 2006 en el número de casos de ENI hospitalizados y registrados a través de sistemas centinela en hospitales individuales o grupos de hospitales se comparó
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con el cambio en la incidencia de casos de ENI hospitalizados medidos a través del sistema de vigilancia poblacional. Resultados El cambio en la incidencia en las ocho áreas de control varió de un −37 a un −82% para los casos de ENI provocados por cualquier serotipo, y de un −96 a un −100% para las ENI provocadas por los serotipos incluidos en PCV7. Todos los hospitales centinela individuales con más de tres casos anuales en el año de referencia registraron un descenso de casos para el año 2006. Además, más del 95% de los sistemas centinela con una media superior a 30 casos anuales en el año de referencia registraron un cambio para el año 2006 en cuanto al número de casos provocados por cualquier serotipo, que descendió al 95% del intervalo de confianza para el cambio en la incidencia de casos hospitalizados en el área de control de la población correspondiente. El cambio en los casos provocados por los serotipos PCV7 se midió de manera precisa en el 93% y el 100% de los sistemas centinela con ≤ 20 y > 20 casos anuales en el año de referencia, respectivamente. Conclusión El sistema de vigilancia centinela puede medir de manera precisa el efecto de la PCV7 en el número de niños hospitalizados con ENI, siempre y cuando se hayan detectado casos suficientes en el año de referencia. El serotipado aumenta la precisión.
